Mycobacterium marinum can cause systemic infection in fishes and skin infection in humans. Most strains grow better at o 37 1C, which can explain the rarity of infections in humans. The ability of strains from humans and fish to grow in various conditions, and in macrophages from carp, humans, and mouse was evaluated, as was the ability of the three fish isolates to infect mice. Significant differences of growth in vitro and in vivo were observed. All fish strains caused both footpad and deep tissue infections, and two, which grew very poorly or not all at 37 1C, proliferated in mammalian macrophages.
Introduction
Mycobacterium species are ubiquitous in the aquatic environment. Infections in both wild and captive species of fishes may cause severe diseases, and the most frequent infections are those caused by Mycobacterium marinum, Mycobacterium fortuitum, and Mycobacterium chelonae (Chinabut, 1999) , all of which are species that have been reported associated with infection in humans. Mycobacterium marinum is encountered in the aquatic environment (Belas et al., 1995) , and is one of the most common species linked to mycobacteriosis in fishes, particularly aquarium fishes. Outbreaks have also occurred in cultured food fishes (Hedrick et al., 1987; Colorni, 1992; Diamant et al., 2000) , and M. marinum, for example, is often isolated from wild striped bass in the Chesapeake Bay (Rhodes et al., 2004) .
Mycobacterium marinum infections in humans are usually confined to the extremities, but are very persistent and may require aggressive antibiotic treatment to resolve (Kern et al., 1989; Shih et al., 1997; Hoyen et al., 1998) . Whereas most infections occurring in the skin are localized, local and lymphatic spread is not unusual (Edelstein, 1994) . Infections may extend to deep tissues (Holmes et al., 1999; Aubry et al., 2002) , but disseminated infections also occur, particularly in association with steroid therapy (Ekerot et al., 1998; Ho et al., 2001) . Disseminated infection has been reported in both immuno-competent patients (Vazquez & Sobel, 1992) and immune-compromised adults (Tchornobay et al., 1992; Parent et al., 1995) , as well as a case of bacteremia reported in an immune-compromised infant (Parent et al., 1995) .
Mycobacterium marinum infections of humans are often acquired from aquarium maintenance and have also been referred to as 'fish tank granuloma' (Ang et al., 2000; Aubry et al., 2002) . Fishermen also become infected by handling food fishes (Hoyt et al., 1989; Ang et al., 2000; Aubry et al., 2002) , by swimming or other direct contact with sea water (Jernigan & Farr, 2000) . Although reported cases are associated with more direct contact with fishes, recent work has concluded that M. marinum strains can be divided into two groups: those infecting humans and those infecting fishes (van der Sar et al., 2004; Ucko & Colorni, 2005) , leading to the suggestion that bacteria within fish tissues are not a concern for human health. Regardless of the precise source of human infections, the majority of M. marinum cases are not life threatening and are confined to extremities. The bacterium is considered not to grow, or to grow very poorly, at 37 1C (Collins et al., 1985) . Levy-Frebault & Portaels (1992) , however, reported that between 15% and 49% of M. marinum strains are capable of growth at 37 1C in vitro.
Many years ago, Clark & Shepard (1963) showed that intravenous challenge of mice, with an M. marinum strain isolated from a human (ATCC 11564), caused infection of the lungs and liver, demonstrating that this strain was capable of replicating and surviving in deep tissues at temperatures close to 37 1C. Work by Collins et al. (1975) reported that both regular and a high temperature-adapted strain could cause systemic infections in both immunocompetent and immuno-compromised mice. In addition to human isolates, Hedrick et al. (1987) described an isolate from striped bass (Morone saxatilis) that was able to grow at 37 1C.
Mammalian macrophage cell lines have been used in several studies to evaluate the ability of Mycobacterium species to survive and replicate within phagocytes. In fact, M. marinum was shown to replicate in a carp (Cyprinus carpio) macrophage cell line (El-Etr et al., 2001) . In an attempt to examine the issue of host specificity and the ability to grow at 37 1C among M. marinum isolates, we carried out a study to examine the ability of certain strains of M. marinum to grow at 37 1C in different conditions; in vitro, ex vivo (macrophage cell lines), and in vivo.
Materials and methods

Strains of Mycobacterium marinum
The following strains of Mycobacterium marinum were included as representatives of strains that could and could not grow at 37 1C, or were isolated from either fish or human hosts: (1) UCDavis1 -isolated from striped bass in 1986, and reported to grow at 37 1C (Hedrick et al., 1987) ; (2) OSU214 -isolated from an outbreak of mycobacteriosis in captive hybrid striped bass; (3) ATCC 927 -isolated from fish; and (4) ATCC 29254, isolated from cutaneous lesions in humans (Smith & Jiji, 1975) . The bacteria were grown at 30 1C on 7H10 Lowenstein-Jensen (LJ) before experiments.
Macrophage assays
We determined the ability of the M. marinum strains to survive and replicate inside the following three mononuclear phagocyte cell lines: mouse (RAW 246.7), human (U937), and carp (CLC).
The strains were cultured in 7H9 broth for 1-5 days (depending on the growth rate) and then suspended in Hank's balanced salt solution (HBSS), and the number of bacteria in the suspension was adjusted using McFarland turbidity method. The suspension was used to infect macrophages at a ratio of 0.1 to 1, 1 to 1, and 10 to 1 (bacteria : macrophage). The inoculum was seeded onto 7H10 agar plates to determine the number of bacteria. Macrophage monolayers were infected for 2 h. Subsequently, infected macrophage monolayers were washed several times with HBSS in order to remove extracellular bacteria, and then the monolayers were lysed by incubating them with sterile water for 10 min, as described (Bermudez et al., 1994a, b) . Then, 0.25% sodium dodecyl sulfate was added to the suspension for 10 additional minutes to prevent clumping. The lysate was plated onto 7H10 plates and incubated for 5 days at 30 1C to determine the number of viable intracellular bacteria.
To determine the ability of the bacteria to grow intracellularly, bacteria were allowed to grow at the appropriate temperature for the cell lines based on their host of origini.e. mouse and human at 37 1C and carp at 30 1C. At 2 and 4 days after infection, the monolayers were lysed and the number of intracellular bacteria quantified, as described above. The bacterial growth, or the decrease in the number of intracellular bacteria, was calculated as the variation of the number of bacteria inside macrophages following infection.
Growth in media
Qualitative growth at 30 and 37 1C was evaluated by culture on LJ slants (Remel, Lenexa, KS), Petragnani's slants (Becton Dickson, Sparks, MD), and Middlebrook (7H10 with OADC) plates (Becton Dickson) in two separate trials. Trial 2 also included sheep blood agar (Remel). Plates were inoculated with 10 4 (Trial 1) or 10 6 bacteria (Trial 2). Quantitative growth at these temperatures was conducted for both trials by inoculating bacteria at 1-3 Â 10 5 (Trial 1) or 7 Â 10 6 to 1.0 Â 10 7 (Trial 2) on Middlebrook broth (7H9 with OADC) (Becton Dickson). Samples were plated on 7H10 plates or blood agar (for OSU214), and plates were examined after 10 days postinoculation. In addition, broth cultures that were incubated at 37 1C, as above, were then returned to 30 1C for 4 weeks to determine whether growth would occur after exposure to these high temperatures.
Mice infection
To examine the ability of the fish strains to infect mice, we carried out two different protocols: intravascular (IV) challenge for assessment of the ability to cause systemic infections (37 1C), and footpad infection for assessment of the ability to cause cutaneous infections (30 1C).
C57BL/6 female mice were purchased from Jackson Laboratories and used at 20 weeks of age. For IV infection, bacteria were delivered through the tail vein in a 0.1 mL volume with a final concentration ranging between 6.5 Â 10 7 and 3.6 Â 10 8 . Mice were followed for 3 weeks and then harvested. The spleens were obtained, weighed, and homogenized in 0.2 mL of 7H9 broth. The homogenates were then plated onto 7H11 agar (containing carbenicillin, trimetoprim, and polymyxin B) for quantification of the number of viable bacteria. Blood agar plates were used for the strain OSU214. For the footpad infection, mice footpads were injected with 0.05 mL containing bacteria. Mice were observed for 3 weeks, then the footpads were harvested, homogenized, and plated onto 7H11 agar, or blood agar for the strain OSU214.
Statistical analysis
Each experiment was carried out in triplicate and repeated twice (culture) or three times (macrophages). Ten and seven mice for each bacterial strain were used for the IV and footpad exposures, respectively. The mean AE SD was then determined. The significance of the results between control and experimental group was determined by the Student's t-test or by ANOVA. A value P o 0.05 was considered significant.
Results
Macrophage assays
In general, as shown in Table 1 , Mycobacterium marinum strains grew well in CLC macrophages at 30 1C and showed less growth in mammalian macrophages at 37 1C. The OSU214 strain was capable of growth in both U937 and RAW 264.7 macrophages at 37 1C. The UCDavis1 strain also grew in RAW 264.7 and showed transient growth in U937 macrophages -i.e. it showed growth at 2 days, but then a decline by day 4. The American Type Culture Collection (ATCC) strains (927 from fish and 29254 from human) did not grow well on either mammalian cell line, nor was there dramatic bacterial cell death by 4 days.
Growth in media
All strains grew better at 30 1C than 37 1C (Table 2; Fig. 1) . Subjective, qualitative evaluations from plates showed that ATCC 927 (originally from fish) grew better than the others on both LJ, 7H10, and blood agar plates at 37 1C. All strains did not grow at 37 1C in 7H9 broth (Fig. 1) . Indeed, no strains exhibited growth after transferring the broth media to 30 1C, suggesting that the bacteria did not survive the exposure to 37 1C. At 30 1C, all strains but the OSU214 grew well on all three-plate media ( Table 2 ). The OSU214 replicated on the LJ and blood agar, but no growth was observed when this strain was inoculated at 10 4 , and only weak growth was observed at 10 6 on 7H10 agar. Results in broth media (7H9) inoculated at 10 5 were similar to plate media results (Fig. 1) , with all but the OSU214 showing about a 4-5 log increase at 30 1C. In trial 2, in which bacteria were inoculated in the broth at 10 7 , all bacteria (including OSU14) showed about 2-4 log increase.
Mice infection
Intravascular infection with the three fish strains resulted in disseminated infection. The strains OSU214 and 927 had greater bacterial load in the spleen than the UCDavis1 strain after 3 weeks. Infection of the footpad with all these strains was associated with significant growth (Table 3) .
Discussion
Our study demonstrated that some strains of Mycobacterium marinum that grow poorly or not at all at 37 1C in vitro are capable of replicating in macrophage cultures and in mice at 37 1C. The in vivo experiment also demonstrates that certain strains of M. marinum, including those from fishes, are capable of causing deep tissue or systemic infections in susceptible hosts. Ramakrishnan & Falkow (1994) and Barker et al. (1998) showed that M. marinum could grow in mouse macrophages when held at 32 1C, and the latter study included one of the isolates from the present study (ATCC 927). In media, all isolates grew better at 30 1C than 37 1C. The strain ATCC 927 was capable of growth in various media at 37 1C, whereas the other isolates did not. ATCC 927 is the type strain of M. marinum, but we found no reports of this strain growing in vitro at 37 1C. Moreover, we obtained this isolate from the ATCC in the summer 2004, and always maintained and passed it at 29-30 1C. The UCDavis1 isolate was reported to grow at 37 1C on Petragnani's medium (Hedrick et al., 1987) but in the present study it did not grow at this temperature on this medium nor the others we tested. Mycobacterium marinum isolates may become adapted to growth at 37 1C (Wayne & Kubica, 1984) , and perhaps this strain lost its ability to grow at this temperature as it was passed several times at 30 1C before the experiment was conducted.
We tested the ability of strains that could not grow at 37 1C to resume growth at 30 1C. No bacterial growth was seen, suggesting that the bacteria did not survive at 37 1C. The OSU214 showed some interesting growth characteristics in that it grew poorly in both 7H9 and 7H10 at 30 1C, media recognized as being capable of growing M. marinum. However, based on advice from the bacteriologist that originally isolated this organism, we observed that it grew well on blood agar. In fact, certain species of Mycobacterium (e.g. Mycobacterium haemophilum) have been demonstrated to grow better in media supplemented with blood (Wayne & Kubica, 1984; McBride et al., 1992) , and this appears to be the case for this strain of M. marinum. Although the ability of OSU214 and the other strains to grow in blood agar at lower concentrations is not reported here (Table 2) , we have cultured these bacteria on blood agar at low concentrations (10 4 and less at 30 1C) for in vivo studies with zebrafish (Danio rerio) (unpublished data). All strains (including OSU214) grow very well at these concentrations. We also found that OSU214 was capable of growth in broth at 30 1C only when inoculated at a high concentration. This suggests the possibility that the presence of large numbers of bacteria conditioned the medium, and thus allowed for growth. 'Cross feeding,' in which a fastidious bacterium is induced to grow by placing it on agar next to an unrelated 'nurse' bacterium, has been reported previously (Davis et al., 1973) . This phenomenon of 'nurse' culturing has been reported for Renibacterium salmoninarum, a fastidious Gram-positive pathogen of salmon (Evelyn et al., 1989) . In this case, the 'nurse' bacterium was the same species. We know of no similar reports with fastidious Mycobacterium spp. Strains other than OSU214 exhibited greater increase in growth in broth when inoculated at 10 5 than at 10 7 ( Fig. 1) , which would appear to conflict with the nurse culture hypothesis. However, this paradox can be explained by the likelihood that the maximum concentration capable in the broth media was achieved in both trials (i.e. c. 10 10 ) owing to nutrient exhaustion.
As with the majority of other Mycobacterium spp., M. marinum is an intracellular pathogen, and its primary site of infection is within macrophages. ATCC 29254, a human isolate, did not replicate in either human or mouse cells. In contrast, the two of the three fish isolates showed ability to grow in mammalian cells. Interestingly, OSU214, which grew poorly in media at 37 1C, showed the most robust growth in mouse macrophages. Perhaps macrophages may provide some essential factors for growth at 37 1C that are not present in media. For example, intravacuolar concentration of many key metals known to regulate genes are associated with the ability to grow in host macrophages (Wagner et al., 2005) . In addition, it is plausible that, under stress conditions (e.g. life within macrophages), Mycobacterium spp. induce the expression of genes associated with growth, such as the s factors (Wu et al., 2004) . In certain conditions, alternative s factors (many times upregulated under stress conditions) influence the expression of constitutively expressed sigA. Collins et al. (1975) showed systemic growth in normal and immuno-compromised mice with a high temperatureadapted strain of M. marinum, whereas a normal strain (incapable of growth at 37 1C in vitro) only caused significant infections in the spleen and lung of the immunocompromised mice. In early studies, Clark & Shepard (1963) showed that a human isolate could cause infections in visceral organs of mice following intravascular exposure. These mice also showed skin lesions (e.g. nose, feet) infections after about 3 weeks. In our study, all three strains from fish caused systemic infections in mice, including ones that showed poor or no growth at 37 1C. Note that growth in the spleen is used as an indicator of systemic infections because this organ is a primary filtering organ in mice and thus concentrates blood-borne pathogens (Bermudez et al., 1994a, b) . Inconsistent correlations were seen between in vitro vs. in vivo results. For example, both ATCC 927 and OSU214 caused severe internal infections in mice, but only ATCC 927 grew well at 37 1C. Neither UCDavis1 nor ATCC 292547 grew at 37 1C in vitro, but both caused internal infections in mice. All the fish strains caused footpad infections, which is consistent with previous studies with M. marinum. Work carried out during the past 20 years has established that both the macrophage system and the mouse model are good predictors of mycobacteria virulence (Shiratsuchi et al., 1996; Young & Bermudez, 1996; Flynn et al., 2005) , albeit with some limitations. Our study evaluated the ability of M. marinum, primarily isolated from fish infection, to grow in mammal macrophages and mice footpad; therefore, the results might argue for a potential ability to infect mammals.
Recent reports have hypothesized that, although human infections are frequently associated with the aquatic environment, bacteria causing infections in fish and in humans represent two separate groups (van der Sar et al., 2004; Ucko & Colorni, 2005) . In contrast, our results indicated that certain fish strains are fully capable of infecting mammals. The vast majority of M. marinum infections in humans are confined to surface tissues, and this has been assumed to be due to the species inability to grow at 37 1C (Collins et al., 1985) . One possible explanation for the rarity of systemic infections of M. marinum in humans (Parent et al., 1995) is that immune-competent individuals are not usually exposed to the large concentration of bacteria used in our mice study. In contrast, there are numerous reports of disseminated skin infections or focal infection in deep tissues in both immunecompetent and immune-compromised hosts (Huminer et al., 1986; Ries et al., 1990; Tchornobay et al., 1992; Vazquez & Sobel, 1992; Hanau et al., 1994; Gluckman, 1995; Aubry et al., 2002) , demonstrating that the bacterium is capable of spreading and surviving at 37 1C within human tissues. Clark & Shepard (1963) were able to halt systemic infections in mice by raising their body temperature to about 39 1C, suggesting that 37 1C might be a critical temperature cut-off for survival, even within macrophages. It would be interesting to repeat these experiments with high temperature adapted strains.
In conclusion, we demonstrated that for some strains of M. marinum temperature requirements for growth in vitro do not always correspond to those in vivo or in macrophage cultures. Clearly further studies are warranted as only a few isolates were evaluated. More isolates from both fish and humans should be evaluated using the same methods, including testing at slightly higher and lower temperatures, and conducting in vivo challenges with various concentrations of bacteria. Moreover, the mechanism for differences in growth at 37 1C should be investigated.
